Life-threatening infections are a major cause of death after allogeneic stem cell transplantation. Complement Mannose-binding lectin is a key component of innate immunity. Functional deficiency of mannose-binding lectin due to genetic polymorphism is frequent. Previous reports showed conflicting results with respect to the influence of functional mannose-binding lectin deficiency on infectious risk after allogeneic stem cell transplantation. The aim of this study was to clarify the impact of low mannose-binding lectin levels on infectious risk in a unique cohort of very long-term survivors after stem cell transplantation.
Introduction
Complement mannose-binding lectin (MBL), a member of the collectin subfamily of C-type lectins, is a key component of innate immunity. 1 As a multimeric complex complement MBL is capable of recognizing carbohydrate pathogen-associated molecular patterns on a wide range of microorganisms leading to complement activation in an antibody and C1q independent manner. 2, 3 Functional MBL deficiency, which is probably the most common immunodeficiency, affects up to one-third of the Caucasian population and is characterized by low levels of circulating functional multimers due to a number of genetic polymorphisms within the coding and promoter regions of the MBL2 gene. 4 In spite of a strong correlation between MBL genotypes and serum MBL levels, [5] [6] [7] people with the same genotype may differ up to 10-fold in functionally active MBL levels, 8, 9 which is the major determinant of the activity of the MBL pathway. 10, 11 MBL serum levels are mainly influenced by genetics, whereas environmental factors have only marginal effects. 12 Even during acute inflammation, MBL serum concentrations are predictive for moderate to severe deficiency. 8, 13, 14 Evidence from several studies of the last 20 years supports a strong association between MBL deficiency and the risk of infections, particularly when adaptive immunity is either immature or compromised (e.g. during early childhood [15] [16] [17] or after solid organ transplantation [18] [19] [20] ). The risk of severe infections in patients with functional MBL deficiency undergoing allogeneic stem cell transplantation (SCT) has been investigated in six recent studies. 14, [21] [22] [23] [24] [25] All but two studies could demonstrate an increased risk of severe infections in patients with either low MBL levels or low-producing genotype. [22] [23] [24] [25] However, the definition of functional MBL deficiency and infectious endpoints was heterogeneous and median follow-up time since allogeneic stem cell transplantation limited to two years or less. Therefore, there are few data available about the importance of MBL deficiency during different early and late time periods after transplantation. Infectious complications represent an important cause of non-relapse morbidity and mortality even more than ten years after allogeneic stem cell transplantation. 26, 27 Extensive chronic graft-versus-host disease (GVHD), cytomegalovirus (CMV) status, unrelated donor transplantation, irradiation in conditioning regimen and age have been established as important risk factors for late infections, [28] [29] [30] but there are no objective parameters to define a dysfunction of the immune system in long-term survivors. Therefore, we investigated the association between serum MBL levels and the occurrence of severe infections during different periods after transplantation in a single center cross-sectional study of a unique cohort of very long-term survivors.
Design and Methods

Patients and donors
In a single-center, cross sectional study, 44 very long-term survivors (over ten years) who underwent allogeneic stem cell transplantation from 1980 to 1996 at the University Hospital of Basel and their respective HLA-identical sibling donors were evaluated in pairs on the same day by performing a complete clinical and biological examination. All sibling donor-recipient pairs whose recipient had a follow up of over ten years since allogeneic stem cell transplantation, was in complete remission at the last follow up, and who both agreed to attend our outpatient transplant clinic on the same day were invited. Of the 82 pairs of recipients and donors contacted, eventually 44 agreed to take part. Some of the results of this cohort have been previously described elsewhere. 31 Clinical data were obtained by review of patients' charts since stem cell transplantation until study entry (September 2005-May 2007). One donor-recipient pair was excluded because of a lack of comprehensive follow-up information. Comprehensive clinical data (consisting of clinical notes, laboratory and microbiological results, reports of radiological and histological examinations, and discharge summaries from our and other hospitals, reports from primary care physicians, and reports of all visits to our outpatient Stem Cell Transplantation Clinic) were available for 43 recipients who all had a regular follow up after transplantation at our institution. The clinical data was analyzed blinded to any MBL concentration data.
The study had been approved by the local ethical committee at the University Hospital of Basel.
Definitions of endpoints
Infectious endpoints were classified according to previously published criteria. 22, 24, 30 Major infection was predefined as either sepsis confirmed on microbiological testing or as systemic inflammatory response syndrome (SIRS) with highly suggestive radiographic or clinical features. Moreover, specific antimicrobial treatment had to be initiated in both cases. The following conditions were excluded: single positive blood culture results for skin contaminant bacteria, upper respiratory tract infections, culture-negative interstitial pneumonitis (i.e. infiltrates on chest X-ray or computed tomography scan without documented infection in bronchoalveolar lavage culture or on histological examination), culture-negative fever in neutropenia, dermatological varicella zoster reactivation, and local herpes simplex reactivation. Severe herpes virus infection was predefined as invasive viral infections requiring prompt treatment and hospitalization. In detail, we recorded episodes of generalized varicella zoster infections, herpes simplex infections with organ involvement (e.g. pneumonitis, encephalitis, generalized skin infection), Epstein-Barr virus associated post-transplant lymphoproliferative disorder, and cytomegalovirus infections/reactivation deemed clinically significant and requiring treatment. A positive cytomegalovirus blood culture or CMV-pp65 antigenemia assay and symptoms or organ dysfunction were required to fulfill the criteria of a clinically significant cytomegalovirus infection/reactivation. Episodes of asymptomatic cytomegalovirus reactivation, primary varicella zoster virus and Epstein-Barr virus infections were excluded.
Mannose-binding lectin level analysis
Serum samples from all donors and recipients were collected between 2005 and 2007 and stored at -70°C. Quantification of functional MBL was performed by an investigator blinded to any recipient data using a commercially available Sandwich-ELISA Kit (MBL Oligomer ELISA KIT 029, Lucerna Chem, Luzern, Switzerland) as described previously. 18 Primarily, functional MBL deficiency was defined as serum levels below 1,000 ng/mL as this cut-off has been shown to discriminate reasonably well between individuals with or without variant MBL genotypes. 5, 6, 9 In addition, this cut-off has been shown to be associated with serious infections in oncological and intensive care unit patients. 32, 33 A secondary analysis was performed in order to better define the most relevant cut-off for the definition of function-al MBL deficiency to predict the risk of infection in the setting of allogeneic stem cell transplantation.
Statistical analysis
Differences in recipients' characteristics according to MBL serostatus were analyzed using the Fisher's exact test or the MannWhitney-U-Test where appropriate. Serum MBL levels in recipients with or without infection were compared using a MannWhitney-U-test. Cumulative incidences of major infections and severe herpes virus infections according to MBL serum levels were calculated by the Kaplan-Meier test and compared by the log rank test. For cumulative incidences, only the first event occurring in a patient was considered. Cox's proportional hazard models were used to estimate the effect of MBL levels on predefined endpoints in multivariate analyses after adjustment for covariables. Covariables included recipient age at transplantation, sex, diagnosis, history of total body irradiation, history of splenic irradiation or splenectomy, acute graft-versus-host disease (no/grade I vs. grades II-IV), chronic graft-versus-host disease, and duration of immunosuppression. Multiple events occurring in the same patient were considered in Cox's models. Table 1 .
Results
Donors' and recipients' characteristics
Mannose-binding lectin serum levels
The donor and the recipient cohort consisted of 17 of 43
Functional MBL deficiency and infections after SCT haematologica | 2010; 95(8) (39.5%) and 16 of 43 (37%) individuals with MBL levels below 1,000 ng/mL, respectively, including 6 individuals with levels below 100 ng/mL (14%) in each cohort, thereby closely resembling frequency distributions observed in the general population. 4, 34 With the exception of one recipient with severe MBL deficiency, none of the donors or recipients displayed significant laboratory signs of systemic inflammation or infections at the time of analysis. Patients with MBL levels below 1,000 ng/mL did not differ significantly from patients with MBL levels above 1,000 ng/mL with regard to age, sex, diagnosis, history of splenectomy or acute graft-versus-host disease, presence or history of chronic graft-versus-host disease, and history of total body irradiation as part of conditioning regimen ( Table 2) . We also did not observe significant differences between the two recipient groups with respect to common parameters of immune reconstitution ( 
Recipients and infections
Twenty-eight recipients experienced at least one major infection during follow up. Half of them suffered from more than one episode of severe infection resulting in a total number of 59 infectious episodes. Pneumonia and gram positive sepsis were encountered most frequently (23 and 16 episodes, respectively). In contrast gram-negative sepsis and fungal infections were diagnosed rarely (3 and 2 episodes, respectively). With respect to severe viral infections, recipients experienced 12 episodes of severe herpes virus infections consisting mainly of cytomegalovirus infections/reactivations (10 episodes). More than 50% of recipients with MBL below 1,000 ng/mL suffered from 2 or more episodes of severe infections (4 of 16 individuals with one severe infection; 7 of 16 with 2 or 3; 2 of 16 with more than 3) in contrast to only 5 of 27 (19%) recipients with MBL above 1,000 ng/mL (10 of 27 individuals with one severe infection; 3 of 27 with 2 or 3; 2 of 27 with more than 3). The median time to the first episode was 32.5 days (range 3-2,682 days).
Associations with major infections
During the whole follow-up period, 13 of 16 (81%) recipients with low MBL levels, i.e. below 1,000 ng/mL, experienced at least one major infection compared to 15 of 27 (56%) recipients with high MBL concentrations, i.e. above 1,000 ng/mL. This difference did not reach statistical significance (P=0.2; Figure 1A ). However, as many recipients suffered from more than one major infection during follow up, we studied the occurrence of all major infectious episodes in a Cox's regression model. In this analysis, the presence of MBL levels below 1,000 ng/mL was associated with a 2.3-fold increased risk of major infections during the whole study period (Hazard Ratio (HR) 2.25, 95% CI 1.3-3.8; P=0.002).
After stratification of infective episodes as occurring before or after neutrophil recovery, a striking association between low MBL levels and major infections after but not prior to neutrophil recovery could be observed. The cumulative incidence of at least one major infection at ten years after engraftment was 81% in MBL deficient recipients compared to 33% in MBL sufficient recipients (P=0.001; Figure 1B) . Including all major infective episodes into analysis, recipients with low MBL levels were subject to a more than 3-fold increased risk of major infections compared to recipients with MBL above 1,000 ng/mL (HR 3.2, 95% CI 1.7-5.9; P<0.001). In contrast, MBL levels below 1,000 ng/mL were not related to major infections during initial neutropenia (HR 0.56, 95% CI 0.12-2.5; P=0.5) and there was no association between MBL levels and the number of episodes or the duration of neutropenic fever, respectively.
Risk of major infections during different time intervals after stem cell transplantation
Since complete immune reconstitution may be delayed for years 35, 36 and thus may confer a risk factor for serious infections even late after allogeneic stem cell transplantation, we evaluated the impact of functional MBL deficiency over different time periods after transplantation ( Figure  2 ). Recipients with low MBL levels were at highest risk to suffer from major infective episodes seven to 24 months after neutrophil recovery (HR 4.2, 95% CI 1.3-13.5; P=0.015). But even during the remaining very long followup period (median 15 years), we could continuously observe an increased susceptibility of MBL deficient recipients to major infections (HR 2.9, 95% CI 1.1-8.0; P=0.04) with almost 30% of events occurring after 24 months.
Associations with severe herpes virus infections
Since MBL might play an important role in the defense against cytomegalovirus and other herpes virus infections after transplantation, 18, 25, 37, 38 we examined the association between MBL levels and herpes virus infections in more detail. Apart from localized varicella zoster infections, the frequency of severe herpes virus infections was low during the entire follow up. Nevertheless, a significant and independent association between low MBL serum concentrations and the occurrence of severe herpes virus infections could be observed. During follow up, 6 of 16 (38%) recipients with MBL levels below 1,000 ng/mL suffered from 9 episodes compared to 3 of 27 (11%) patients with MBL levels above 1,000 ng/mL with 3 episodes altogether (P=0.03; Figure 1C ). On the contrary low MBL lev-
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Association of major infections in dependence of serum mannose-binding lectin levels
In order to better define the clinically most relevant cutoff for deficient versus sufficient MBL levels, the occurrence of major infections and severe herpes virus infections was correlated to serum MBL levels (Figure 3) . Consistent with data on the cumulative incidence, recipients with at least one episode of major infection after neutropenia showed significantly lower MBL serum concentrations than patients without major infections, while there was only a trend to lower MBL levels considering the entire follow up. Moreover, we observed a significant difference in MBL levels with respect to the occurrence of severe herpes virus infections during the entire follow up.
Since the definition of functional MBL deficiency was likely to be dependent on the clinical setting, different cutoffs for the distinction between deficient and sufficient serum MBL levels were examined by establishing a Receiver Operating Characteristic (ROC) curve including the whole follow-up period. In our opinion, the best threshold to distinguish between deficient and sufficient serum MBL levels was found to be 500 ng/mL showing a sensitivity of 40% and a specificity of 100% as a prognostic parameter for major infections overall. With this threshold the cumulative incidence of major infections was significantly increased in recipients with MBL below 500 ng/mL even when analyzing the entire study period (P=0.025; Figure 4A ). Notably, every recipient with MBL serum concentrations below 500 ng/mL had at least one major infective episode during follow up. After exclusion of the initial time to neutrophil recovery this association became even more pronounced ( Figure 4B ).
Analysis of potential confounders
To assess the impact of possible confounders on the association between low MBL levels and major infections a multivariate analysis by Cox's proportional hazard models was performed. Recipient MBL serum concentrations below 1,000 ng/mL were an independent risk factor for major infections after neutrophil recovery (Likelihood Ratio (LR) 3.5, 95% CI 1.3-8.9; P=0.009). Analyzing the lower threshold of 500 ng/mL, the independent prognostic value was retained even during the entire study period (LR 6.8, 95% CI 2.2-20.4; P=0.001). All other covariables were not significantly associated with major infections in this analysis with older age at transplantation (per year; LR 1.05, 95% CI 0.99-1.1; P=0.11) and extensive chronic graft-versus-host disease (LR 3.0, 95% CI 0.89-10.5; P=0.08) showing a trend towards an increased risk of major infections.
In our retrospective analysis, a selection bias due to early death might have influenced the association between low MBL levels and major infections, especially during the early phase after transplantation. In an attempt to reduce this potential confounder, we analyzed the association of low MBL levels on the incidence of major infections excluding all events which occurred during the first six months after transplantation. Limiting the analyses to this period (i.e. delayed and late infections) we could still observe a striking association between low MBL levels and major infections: 9 of 16 (56%) recipients with MBL levels below 1,000 ng/mL experienced at least one major infection compared to 7 of 27 (26%) recipients with high MBL concentrations (P=0.017). Including in the analysis all major infective episodes occurring during this period resulted in a more than 3-fold increased risk of major infections in MBL deficient recipients compared to recipients with MBL above 1,000 ng/mL (HR 3.4, 95% CI 1.6-Functional MBL deficiency and infections after SCT haematologica | 2010; 95 (8) 1393 Figure 2 . Association of low mannose-binding lectin levels with major infections during different time intervals. The reference category (horizontal dashed line) corresponds to recipients with mannose-binding lectin > 1,000 ng/mL. Neutropenia: transplantation until engraftment; early: engraftment until six months after transplantation; delayed: seven months until two years after transplantation; late: more than two years after transplantation. o v e r a ll M a jo r in f e c t io n a f t e r n e u t r o p e n ia N o m a jo r in f e c t io n a f t e r n e u t r o p e n ia S e v e r e h e r p e s v ir u s in f e c t io n N o s e v e r e h e r p e s v ir u s in f e c t io n 0 
Association with donor mannose-binding lectin levels
Only 5 of the 43 donor-recipient pairs (11.6 %) showed a mismatch in MBL serostatus when applying the prespecified threshold of 1,000 ng/mL. In 3 of these pairs the recipient had MBL levels above 1,000 ng/ml and a corresponding donor with MBL levels below 1,000 ng/mL. None of these recipients suffered from a major infective episode during follow up suggesting that donor MBL level did not influence the risk for major infections.
Discussion
In this report on a unique cohort of very long-term survivors we could demonstrate that low serum MBL levels are a strong independent risk factor for severe infections early and late after allogeneic stem cell transplantation. This finding is of importance since severe infections are still a major cause of morbidity and mortality after this type of transplant. 26 Previous studies on the role of complement MBL in patients after allogeneic stem cell transplantation demonstrated conflicting results irrespective of the chosen definition of functional MBL deficiency. 14, [21] [22] [23] [24] [25] Recently, Neth et al. for the first time found an association of low MBL levels and severe infections in patients after allogeneic stem cell transplantation. 25 In contrast to this study and our results the occurrence of major infections was not related to low MBL levels in the studies presented by Mullighan et al. and Chaudhry et al. 14, 24 However, besides differences in patients' characteristics (e.g. pediatric patients 14 ) and MBL cut-offs used for the definition of functional MBL deficiency, the short follow-up period of only 100 days in both studies may have been important for the discrepancy in results. During our much longer follow up of at least 11 years, we could observe that functional MBL deficiency continues to denote a higher susceptibility to major infections even more than two years after transplantation whereas we could not observe such an association during the initial time period between transplantation and neutrophil recovery.
On average, MBL deficient recipients were subject to a more than 3-fold increased risk to suffer from major infection after recovery from neutropenia. This observation is in line with previous studies 22, 24 and supports the view that the MBL pathway of complement alone is not sufficient to prevent serious infections during the neutropenic phase after transplantation. As soon as cellular recovery after allogeneic stem cell transplantation begins, sufficient MBL levels might be crucial for defeating certain bacteria, for example by optimizing phagocytic function. 39 The relevance of serum MBL levels is strengthened by the observation that at the time of analysis recipients with low MBL and those with high levels did not differ in common parameters of immune reconstitution (peripheral blood CD4 Taking into account that functionally sufficient MBL levels might be strongly dependent on the type of infection or the clinical situation, we further tried to define the optimal MBL cut-off level predicting the risk of infections after allogeneic stem cell transplantation. We found that a cut-off of 500 ng/mL might be clinically helpful for the identification of patients with functional MBL deficiency and an increased risk of infections after allogeneic stem cell transplantation. This cut-off is in line with those used in previous studies 18, 40, 41 and leads to an even more striking association of low MBL levels with severe infections during follow up including the initial neutropenic episode.
There are limited and conflicting data on the association of MBL deficiency with viral infections after allogeneic stem cell transplantation. 14, 25 In our cohort, low MBL levels were associated with a markedly increased incidence of severe herpes virus infections. However, due to the low number of episodes and a lack of information on the donor and recipient cytomegalovirus serostatus, larger prospective studies are warranted to fully evaluate the impact of MBL deficiency on the occurrence of severe herpes virus infections.
The present study has some limitations. Besides the retrospective design, the recipient cohort was small and included only patients surviving more than ten years. Due to early mortality of recipients with unknown MBL serostatus, our results could have been influenced by considerable selection bias. However, limiting our analysis to infections occurring after the first six months after haematologica | 2010; 95(8) 
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hematopoietic stem cell transplantation, we still observed a striking association of low serum MBL levels with the risk of major infections. At first sight, the fact that MBL2 genotypes were not determined could appear as a limitation. However, MBL serum levels show little variation throughout life. In particular, recipient MBL levels are not influenced by donor genotypes after allogeneic stem cell transplantation. 25, 42 Therefore measurement of MBL serum levels by ELISA allows reliable quantification of the functional acitivity of the MBL pathway in vivo 11 and identification of low-producing MBL2 genotypes after allogeneic stem cell transplantation. When evaluating associations with diseases, measurement of MBL serum levels might in fact represent a more sensitive approach than determination of genotypes, as individuals with the same genotype may vary up to 10-fold in MBL serum levels. 5, 8, 9 In conclusion, recipient MBL serum levels were strongly associated with susceptibility to major bacterial and viral infections after neutrophil recovery during early, delayed and late follow up in this cohort of very long-term survivors after allogeneic stem cell transplantation. Due to the prolonged risk of recipients with low MBL, adaption of infectious prophylaxis and early treatment in patients at risk seem more promising than replacement therapy with recombinant human MBL. Therefore, determination of the MBL serostatus should be considered an infectious risk marker to be included in pre-transplantation risk assessment. Additional prospective trials with adequate follow up are warranted to further evaluate the importance of MBL with respect to viral and bacterial infections after allogeneic stem cell transplantation.
